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ABSTRACT — Increased post-translational modification of proteins by SUMO-2/3 is a cytoprotec-
tive response against cell stress induced by ischaemia and reperfusion. However, it is still unclear what 
other cell stressors trigger protein SUMOylation, what mechanisms enhance and maintain the enhanced 
SUMOylation, and if it is a general protective mediator against other cytotoxic stresses. Here, we show 
increased levels of SUMOylation and decreased levels of the SUMO deconjugating enzyme SENP3 in 
PC12 cells treated with the toxic heavy metal cadmium. In addition, SENP3 knockdown reduced cadmi-
um-induced caspase 3 cleavage and cell death in PC12 cells, while SENP3 overexpression enhanced cell 
death. These results suggest that SENP3 is an important regulator of the cellular response to cadmium 
stress in PC12 cells. Our findings are consistent with previous reports of decreased SENP3 and increased 
SUMOylation in ischaemia, and imply that the regulation of SENP3 levels and subsequent changes in 
SUMOylation could be a cytoprotective mechanism against caspase 3-mediated cell death.
Key words:  Cadmium, Apoptosis, Cell stress, SUMOylation, SENP3
 
INTRODUCTION
Cadmium is a heavy metal and environmental pollutant 
arising mainly from the burning of fossil fuels and incin-
eration of municipal waste. Chronic exposure to cadmium 
leads to its accumulation in various tissues and resultant 
toxicity. In particular, cadmium promotes mitochondrial 
dysfunction (Xu et al., 2013) and can elicit mitochondri-
al-dependent apoptosis (Adiele et al., 2011). More specif-
ically, cadmium inhibits the function of electron transport 
chain complexes, resulting in mitochondrial uncoupling 
via mitochondrial permeability transition, increased gen-
eration of ROS (Templeton and Liu, 2010) and oxidative 
stress (Adiele et al., 2011; Onukwufor et al., 2014). 
Small ubiquitin-like modifier (SUMO) is a 97-res-
idue protein that is covalently conjugated to specific 
lysine residues on target proteins to modify their function. 
SUMOylation is a critically important control process in 
all eukaryotic cells because it acts as a biochemical switch 
to regulate the function of hundreds of proteins in many 
different pathways. Although the molecular consequenc-
es of SUMOylation are varied, the underlying principle is 
that it alters the inter- and/or intramolecular interactions 
of substrate proteins to change their localisation, stability, 
and/or activity (Wilkinson and Henley, 2010).
There are three SUMO paralogues (SUMO-1-3) in 
mammals. SUMO-2 and SUMO-3 are identical except 
for three residues but share only ~50% sequence identi-
ty with SUMO-1 (Wilkinson and Henley, 2010). SUMO 
conjugation occurs via a three-step enzymatic pathway 
analogous to protein ubiquitination. SUMO is first ‘acti-
vated’ for conjugation by an E1 enzyme, a heterodimer of 
SAE1 and SAE2 in humans, and then passed to the con-
jugating enzyme Ubc9. Ubc9, often in conjunction with 
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an E3 enzyme, covalently attaches SUMO to the sub-
strate protein (Wilkinson and Henley, 2010). SUMO is 
efficiently removed from substrate proteins by SUMO 
proteases, making SUMOylation a reversible and highly 
dynamic modification. Nine mammalian SUMO proteas-
es (SENP1-3, SENP5-7, DESI1, DESI2 and USPL1) have 
been reported. Of these, DESI1, DESI2 and USPL1 have 
only recently been discovered and little is known about 
them (Hickey et al., 2012). Individual SENPs display dif-
ferent subcellular localisations and SUMO paralogue spe-
cificity (Guo and Henley, 2014). 
We, and others, have shown that global increases in 
SUMO-2/3 conjugation are a cellular protective response 
to severe ischaemic stress (Datwyler et al., 2011; 
Cimarosti et al., 2012; Lee et al., 2016; Lee et al., 2007). 
The unfolded protein response (UPR) mediates protective 
responses that allow cell adaptation and survival (Hetz, 
2012). We have shown that the SUMO-2/3-specific pro-
tease SENP3 is degraded during ischaemia, via a pathway 
involving the unfolded protein response (UPR) kinase 
PERK and the lysosomal enzyme cathepsin B. A key tar-
get for SENP3-mediated deSUMOylation is the GTPase 
Drp1, which plays a major role in regulating mitochondri-
al morphology and integrity (Zungu et al., 2011). Under 
conditions of extreme cell stress recruitment of Drp1 to 
the mitochondria causes, among other things, fragmenta-
tion and cytochrome c (cyt c) release, which are potent 
signals for cell death (Chang and Blackstone, 2010). 
Depletion of SENP3 prolongs Drp1 SUMOylation, which 
prevents mitochondrial disruption and protects from cell 
death. SENP3 levels recover following reoxygenation 
after ischaemia allowing deSUMOylation of Drp1, which 
facilitates Drp1 localization to mitochondria and pro-
motes fragmentation, cytochrome c release and eventu-
al cell death. RNAi knockdown of SENP3 protects cells 
from reoxygenation-induced cell death via a mechanism 
that requires Drp1 SUMOylation (Guo et al., 2013, 2017; 
Anderson and Blackstone, 2013; Schuldt, 2013). This 
represents a novel adaptive pathway to extreme cell stress 
in which dynamic changes in SENP3 stability and regu-
lation of Drp1 by SUMO-2/3 are crucial determinants of 
cell fate, opening up possibilities of developing new drug 
targets and therapeutic strategies (Lee et al., 2016; Wei et 
al., 2012; Yang et al., 2015a, 2015b; Yu et al., 2015).
In this study, we investigated the effect of RNA inter-
ference-mediated SENP3 knockdown and SENP3 over-
expression on the vulnerability of PC12 cells to cadmi-
um exposure. Our results indicated that SENP3 levels and 
consequent regulation of protein SUMOylation are criti-
cal factors in controlling cell fate in response to cadmium-
induced toxicity. These results elucidate a novel adaptive 
pathway to extreme cell stress in which dynamic changes 
in SENP3 levels and regulation of SUMOylation are cru-
cial determinants of cell fate. Additionally, the data sug-
gest possible new drug targets and therapeutic strategies 
for diseases characterised by extreme oxidative stress.
MATERIALS AND METHODS
Cell culture
Rat pheochromocytoma (PC12) cells and HEK293 cells 
were grown in RPMI-1640 Medium (Sigma-Aldrich®, St. 
Louis, MO, USA) or Dulbecco’s modified Eagle’s medium 
(DMEM; Lonza, Verviers, Belgium), respectively, both of 
which were supplemented with 10% foetal bovine serum, 
2 mM L-glutamine, 100 units/mL penicillin and 100 μg/
mL streptomycin, at 37°C in humidified air supplement-
ed with 5% CO2. 
DNA transfection and RNAi knockdown
PC12 cells were plated onto collagen-coated 12-well 
plates and when ~50% confluent they were transfected 
with 0.5 μg DNA to 0.15 mL un-supplemented RPMI-
1640 Medium and combined with 0.15 mL un-supple-
mented medium containing 0.75 μL Lipofectamine® 
2000 Transfection Reagent (Invitrogen™, Paisley, UK). 
This mixture was incubated at room temperature for 20 
min, and the cells were washed with un-supplemented 
medium before the transfection mixture was applied for 2 
hr with incubation at 37°C. After this period, the transfec-
tion mixture was replaced with complete medium. Cells 
were then incubated for another 24 hr prior to cadmium 
exposure.
SENP3 was knocked down in PC12 cells by tran-
sient transfection with an shRNA plasmid vector based 
on HuSH-29 pGFP-V-RS system (Origene Technologies, 
Inc., Rockville, MD, USA), containing the following 
sequences: 
shRNA1: TGTGGACATCTTCAATAAGGAACTATTGC; 
shRNA2: TATGGACA- GAACTGGCTCAATGACCAGGT; 
shRNA3: CTTGTCTCAGTTGATGTAAGGCGACGCAC; 
shRNA4: ACTGGCTCAATGACCAGGTGATGAACATG. 
These sequences targeted rat SENP3 gene transcripts, 
while an empty pGFP-V-RS vector and a pGFP-V-RS 
containing a scrambled shRNA sequence were used as 
negative controls. Successful transfections were deter-
mined by GFP reporter gene expression in at least 40% of 
the total cell population.
HEK293 cells were plated onto 12-well plates 
and when ~50-70% confluent they were transfected 
with  DNA or siRNA using jetPEI or INTERFERinTM 
(Polyplus Transfection, Illkirch-Graffenstaden, France), 
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respectively, as described previously (Guo et al., 2013, 
2017). siRNA duplexes used were as follows: human 
SENP3 siRNA (sc-44451; Santa Cruz Biotechnology, 
Heidelberg, Germany), and non-spectific siRNA 
(Eurofins MWG Operon, Ebersberg, Germany).
Western blotting and analysis 
Cells were harvested by cooling the plates on ice, sus-
pending the adherent cells with a cell scraper, combin-
ing the cell suspensions from triplicate wells, centrifuging 
at 1000 rpm, 4°C for 10 min, and resuspending the cell 
pellets in 0.4 mL 1 x SDS sample buffer [50 mM Tris-
Cl pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% (v/v) 
β-mercaptoethanol, 0.02% (w/v) bromophenol blue]. The 
cell lysates were briefly sonicated and incubated at 37°C 
for 10 min before storing at -20°C. After thawing, pro-
tein was detected and quantified by western blot. Cell 
lysates were subjected to SDS-PAGE using 12% polyacr-
ylamide gels and transferred to Immobilon™-FL PVDF 
Membrane (Millipore, Billerica, MA, USA). After trans-
fer, the membranes were probed with SUMO-2/3 (Rabbit 
monoclonal; 1:500, Cell Signaling Technology), SENP3 
(Rabbit monoclonal 1:1000, Cell Signaling Technology), 
caspase 3 (Rabbit polyclonal; 1:1000, Cell Signaling 
Technology, Danvers, MA, USA), GFP (Rabbit ployclo-
nal; 1:2000; Santa Cruz Biotechnology) or β-actin (Mouse 
monoclonal; 1:10,000; Sigma-Aldrich) primary anti-
bodies and then with anti-rabbit or -mouse HRP conju-
gated secondary antibodies. Immunoreactive bands were 
visualised with Luminata Forte Western HRP Substrate 
(Millipore) and exposure to X-ray film. Developed blots 
were digitally captured at a resolution of 600 dpi using a 
Canon PIXMA MG3150 scanner. Specific protein prod-
uct band signal intensities were determined using ImageJ 
(NIH). Raw data was processed using Microsoft Excel, 
with each product signal divided by the corresponding 
β-actin signal from the same blot, to give relative protein 
levels which controlled for variations in total protein con-
centration between samples.
LDH cell death assays
Cell death was measured using the In vitro Toxico-
logical Assay Kit, Lactic Dehydrogenase based (Sigma-
Aldrich®), according to the recommended procedure, with 
some modifications. Reactions were performed in dupli-
cate for each sample and carried out in clear 96-well 
plates. A total of 10 μL of medium sample was mixed 
with 50 μL LDH Assay Mixture per reaction, before seal-
ing from light and incubating at room temperature for 
30 min. Following this, 6.7 μL 1 M HCl was added to 
each well to terminate the reactions, and the plates were 
analysed in a Tecan Sunrise™ microplate reader. This was 
set to measure the spectrophotometric absorbance at 492 
nm after subtracting background absorbance at 620 nm, 
giving values proportionate to the concentration of LDH 
in each sample. This data was processed using Microsoft 
Excel. Duplicate well values were averaged before obtain-
ing average values for each treatment, which was carried 
out in triplicate. These values were then normalised against 
the average absorbance in the untreated scrambled wells, 
which was arbitrarily assigned a relative LDH release of 1. 
Statistics
All statistical analyses were conducted by using either 
Student's t-test with two-tail P-value or one-way analy-
sis of variance followed by Dunn's or Bonferroni post-test 
as appropriate. All values are presented as mean ± S.E.M 
and are normalised to the control value.
RESULTS AND DISCUSSION
To evaluate the dose and time course profile of cad-
mium, we challenged PC12 cells with 10 μM or 50 μM 
CdCl2 for up to 8 hr. Surprisingly, these treatments did 
not induce cell death as substantial cleavage of caspase 
3 or release of LDH was not detected (Fig. 1A, B, C). 
However, a 24-hr exposure to 50 μM CdCl2 resulted in 
significant cell death, which was determined by LDH 
assays (Fig. 1A).
SUMOylation has been strongly implicated in response 
to ischaemic stress (Lee et al., 2007, 2016; Yang et al., 
2008; Datwyler et al., 2011), so we next investigated if 
protein SUMOylation levels were altered in PC12 cells 
in response to cadmium toxicity. As expected, the total 
SUMO2/3-conjugated protein was increased after expo-
sure to cadmium (Fig. 1D), although the stress was not 
fatal to the cells. We hypothesized that cadmium stress 
could enhance SUMOylation by either increasing SUMO 
conjugation or decreasing SUMO deconjugation. Ischae-
mic stress has been shown to promote degradation of the 
deSUMOylation enzyme SENP3 to enhance SUMOyla-
tion (Guo et al., 2013). Therefore, we investigated the 
effect of cadmium on SENP3. As shown in Fig. 1E, 
SENP3 levels decreased as early as 4-hr after addition 
of cadmium. These results suggest that degradation of 
SENP3, most likely resulting in the observed increase in 
protein SUMOylation, may be protective against cadmi-
um cytotoxicity in the early phase of cell stress. 
We subsequently carried out an shRNA knockdown 
experiment to determine whether the loss of SENP3 and 
the increased SUMOylation is protective. Four shRNA 
sequences were screened for their knockdown efficiency, 
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Fig. 1. Short-term cadmium exposure decreases SENP3 and increases global SUMO-2/3 conjugation in PC12 cells. (A) Histogram 
showing changes in LDH levels in conditioned culture media prepared from PC12 cells treated with 10 μM or 50 μM CdCl2 
for the indicated durations. The results are presented as mean ± S.E.M. (n = 3 replicates for each group, ****p < 0.0001; 
one-way analysis of variance). (B) Histogram showing changes in LDH levels in conditioned culture media prepared from 
PC12 cells treated with 50 μM CdCl2 for the indicated durations. The results are presented as the mean ± S.E.M. (n = 3 rep-
licates for each group). (C) Immunoblots showing levels of caspase 3 and cleaved caspase 3 following treatment of PC12 
cells with 50 μM CdCl2 for up to 8 hr. (D) Immunoblots showing gradual changes in both SUMO-2/3 conjugation and free 
SUMO-2/3 levels in PC12 cells treated with 50 μM CdCl2. (E) Immunoblots showing gradual changes in SENP3 levels in 
PC12 cells treated with 50 μM CdCl2.
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and shRNA1 was selected for the following experiments 
because it resulted in the greatest decrease in endog-
enous SENP3 in PC12 cells (Fig. 2A). PC12 cells were 
transfected with either shRNA1 or a scrambled shR-
NA control. As a result of SENP3 knockdown, the glo-
bal SUMO-2/3-ylation levels were signifi cantly enhanced 
24 hr post-transfection (Fig. 2B). After 24 hr, the trans-
fected cells were exposed to 50 μM CdCl2 for another 
24 hr. SENP3 knockdown significantly inhibited cadmi-
um-induced caspase 3 cleavage (Fig. 3A, B) and reduced 
cell death as determined by LDH release assays (Fig. 3C). 
Interestingly, when we replaced the cadmium stress with 
another lethal factor, 0.1 μM staurosporine (STS), nei-
ther caspase 3 cleavage nor LDH release was inhibited 
(Fig. 3D, E), suggesting that the SENP3 degradation-in-
duced protective effect is specific for ROS and oxidative 
stress.
Next, in order to determine if increased SENP3 lev-
els had a detrimental effect on cell survival after cad-
mium treatment, GFP-SENP3 was transfected in PC12 
cells to achieve high SENP3 expression. However, unex-
pectedly there were no dramatic changes in the protein 
SUMO-2/3-ylation levels observed under basal conditions 
(Fig. 4A). In contrast to endogenous SENP3 in the PC12 
cells transfected with the pEGFP vector control, high 
levels of both the exogenous GFP-SENP3 and endog-
enous SENP3 were found after a 24-hr challenge with 
50 μM CdCl2 (Fig. 4B). In this case, higher levels of 
GFP-SENP3 may overwhelm the degradation mechanism 
and maintain the levels of endogenous SENP3. Expres-
sion of GFP-SENP3 slightly increased caspase 3 cleav-
age and significantly enhanced the LDH release after 
50 μM CdCl2 treatment for 24 hr (Fig. 4B, C). Hence, 
cadmium-induced cell death is elevated by increasing 
SENP3 levels, suggesting SENP3 loss during cadmium 
exposure represents a cellular protective response.
We then sought to determine whether loss of SENP3 
represents a general stress response to cadmium toxicity 
across different cell types. To address this, we examined 
the response of HEK293 cells to cadmium. Similar to 
PC12 cells, in HEK293 cells we observed that cadmium 
induced concentration and time-dependent cell death as 
evidenced by LDH release (Fig. 5A, B), which was fur-
ther confirmed by PI staining (Fig. 5C). 50 μM CdCl2 
treatment also resulted in dynamic changes in global 
SUMO-2/3-ylation, which was not correlated to chang-
es in SENP3 levels in HEK293 cells (Fig. 5D), suggest-
ing SENP3 does not play a role in the cadmium-induced 
increase in protein SUMOylation observed in this model. 
Interestingly, 50 μM CdCl2 treatment for 24 hr in HEK293 
cells did not result in caspase 3 cleavage, suggesting a 
caspase-3 independent mode of cell death in HEK293 
cells (Fig. 5E, G). Furthermore, neither knocking down 
nor overexpressing SENP3 had an effect on either cas-
pase 3 cleavage or LDH release in HEK293 cells chal-
lenged with 50 μM CdCl2 for 24 hr (Fig. 5E, F, G, H) 
Fig. 2. SENP3 knockdown enhances global SUMO-2/3 conjugation in PC12 cells. (A) Immunoblots showing that transfection of 
four shRNAs targeting SENP3 decreased SENP3 expression levels in PC12 cells compared to those transfected with the 
vector control or a scrambled shRNA control. Based on effi ciency in reducing SENP3 levels normalised to β-actin loading 
control, shRNA1 was selected for later experiments. (B) Immunoblots showing that SENP3 knockdown enhances global 
SUMO-2/3 conjugation in PC12 cells transfected with the shRNA1, compared to those transfected with the scrambled shR-
NA control.
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Fig. 3. SENP3 knockdown reduces caspase 3 cleavage and promotes cell survival in cadmium-treated PC12 cells. (A) Immunob-
lots showing that SENP3 knockdown markedly reduces cleaved caspase 3 levels in PC12 cells treated with 50 μM CdCl2 
for 24 hr. (B) Histogram showing that SENP3 knockdown signifi cantly reduces cleaved caspase 3 levels PC12 cells treated 
with 50 μM CdCl2 for 24 hr. The results are presented the mean ± S.E.M. (n = 3 experiments using independent cell popula-
tions, *P < 0.05; Paired Student’s t-test). (C) Histogram showing that SENP3 knockdown signifi cantly reduces LDH release 
from PC12 cells treated with 50 μM CdCl2 for 24 hr. LDH levels in conditioned culture medium prepared from control and 
knockdown PC12 cells treated with CdCl2 or H2O were assessed as described in the Materials and Methods. The results are 
presented as mean ± S.E.M. (n = 3 replicates for each group, *P < 0.05; Student’s t-test). (D) Immunoblots showing that 
introduction of SENP3 shRNA1 into PC12 cells did not reduce cleaved caspase 3 levels induced by STS treatment (0.1 μM; 
24 hr). (E) Histogram showing that introduction of SENP3 shRNA1 into PC12 cells did not reduce LDH release induced 
by STS treatment (0.1 μM; 24 hr). LDH levels in conditioned culture medium prepared from control and knockdown PC12 
cells treated with STS or DMSO. The results are presented as mean ± S.E.M. (n = 3 replicates for each group).
Vol. 42 No. 5
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suggesting that SENP3 does not play a role in the cad-
mium-induced caspase 3-independent cell death observed 
in HEK293 cells and that other components in SUMO 
conjugation and/or deconjugation machinery might have 
role(s) in this cellular process.
There is an increasing body of evidence suggesting that 
SENP3 is a key regulator of stress responses (Huang et 
al., 2009; Han et al., 2010; Yan et al., 2010; Wang et al., 
2012; Wei et al., 2012; Guo et al., 2013, 2017; Yang et 
al., 2015a, 2015b; Yu et al., 2015; Lee et al., 2016; Guo 
and Henley, 2014). This study adds to previous reports 
by demonstrating that loss of SENP3 and the consequent 
Fig. 4. SENP3 overexpression in PC12 enhances cadmium toxicity. (A) Immunoblots showing that expressing GFP-SENP3 in PC12 
cells did not affect global SUMO-2/3 conjugation levels under basal conditions. pEGFP vector or GFP-SENP3 was trans-
fected into PC12 cells for 24 hr followed by immunobloting. GFP-SENP3 and endogenous SENP3 were probed with a rab-
bit antibody raised against SENP3. (B) Immunoblots showing that expressing GFP-SENP3 but not GFP increased cleaved 
caspase 3 levels in PC12 cells treated with 50 μM CdCl2 for 24 hr. (C) Histogram showing that expressing GFP-SENP3 but 
not GFP signifi cantly increased LDH release from PC12 cells treated with 50 μM CdCl2 for 24 hr. LDH levels were assessed 
in conditioned culture medium prepared from PC12 cells expressing GFP or GFP-SENP3 and treated with cadmium or H2O. 
The results are presented as mean ± S.E.M. (n = 3 replicates for each group, *P < 0.05; Student’s t-test).
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Fig. 5. SENP3 does not seem to contribute to cadmium toxicity in HEK293 cells. (A) Histogram showing concentration-dependent 
LDH release from HEK293 cells treated with cadmium for 24 hr. LDH levels were assessed in conditioned culture media 
prepared from HEK293 cells treated with cadmium at indicated concentrations. The results are presented as mean ± S.E.M. 
(n = 6 replicates for each group, **P < 0.01 and ***P < 0.001; one-way analysis of variance). (B) Histogram showing 
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increase in SUMOylation plays a protective role in cadmi-
um-induced toxicity, but that this effect is cell-type specif-
ic. Cadmium poisoning can cause widespread disruption 
and dysfunction of multiple cell pathways, including oxi-
dative damage, and the mechanisms of cadmium toxici-
ty include both caspase-dependent and independent path-
ways (Templeton and Liu, 2010). SENPs can exert either 
pro- or anti-apoptotic effects, depending on the strength, 
duration or type of cell stress (Pinto et al., 2012; Wang 
et al., 2012; Guo and Henley, 2014). Previously, SENP3 
has been proposed to be a redox sensor because, under 
mild oxidative stress, its redistribution to the nucleoplasm 
can enhance the transcriptional activity of hypoxia-induc-
ible factor 1 (HIF1) through deSUMOylation of its co-ac-
tivator p300 (Huang et al., 2009; Yan et al., 2010). This 
redox-sensing pathway is important because SENP3 can 
determine cell fate following insult and injury. We have 
previously shown that SENP3 loss during ischaemia pro-
motes SUMO-2/3 conjugation to Drp1, which reduces 
Drp1 partitioning to the mitochondrial outer membrane 
and inhibits its role in mitochondrial fragmentation, cyto-
chrome c release, caspase activation and cell death (Guo 
et al., 2013, 2017). During reperfusion, however, SENP3 
levels recover, and the incidence of cell death was great-
ly increased. Interestingly, SENP3 expression has been 
shown to be significantly upregulated following spinal 
cord injury (SCI) (Wei et al., 2012), subarachnoid haem-
orrhage (SAH) (Yang et al., 2015a) and traumatic brain 
injury (TBI) (Yu et al., 2015) in rats and mice. This is 
important because SCI, SAH or TBI result in both prima-
ry and secondary damage, the latter of which occurs sev-
eral days after injury and involves a cascade of signalling 
events (Byrnes et al., 2007). Correspondingly, in PC12 
cells treated with hydrogen peroxide, the upregulation in 
SENP3 was correlated with increased cleavage of caspase 
3, a marker of apoptosis, which is consistent with SENP3 
upregulation playing a role in cell death following the 
injuries of spinal cord and brain in rats and mice (Wei et 
al., 2012; Yang et al., 2015a; Yu et al., 2015). Promising-
ly, in vivo SENP3 knockdown by lentivirally expressed 
shRNA reduced caspase 3 cleavage and neuronal death 
in the cerebral cortex of a rat model for SAH (Yang et 
al., 2015b), suggesting targeting SENP3 may constitute a 
novel therapeutic approach for SAH and other disorders 
characterised by oxidative stress and SENP3 loss. 
In conclusion, we show here that regulation of SENP3 
stability and consequent changes in protein SUMOylation 
occur in response to cadmium exposure in PC12 cells. 
These results elucidate a key mechanism for cell surviv-
al via enhanced protein SUMOylation mediated by the 
degradation of SENP3, which prevents substrate deS-
UMOylation in cadmium-induced caspase 3-dependent 
cell cytotoxicity and, very likely, other types of oxidative 
stress.
ACKNOWLEDGMENT
The European Research Council, British Heart Foun-
dation, the Wellcome Trust and the MRC supported this 
work.
Conflict of interest---- The authors declare that there is 
no conflict of interest.
REFERENCES
Adiele, R.C., Stevens, D. and Kamunde, C. (2011): Cadmium- 
and calcium-mediated toxicity in rainbow trout (Oncorhynchus 
mykiss) in vivo: interactions on fitness and mitochondrial end-
points. Chemosphere, 85, 1604-1613.
changes in LDH levels in conditioned culture media prepared from HEK293 cells treated with 50 μM CdCl2 for the indi-
cated durations. The results are presented as mean ± S.E.M. (n = 5 replicates for each group, *P < 0.05 and **P < 0.01; 
one-way analysis of variance). (C) Representative images confirming cell death in HEK293 cells treated with 50 μM CdCl2 
by propidium iodide staining (Red: propidium iodide (PI) stain for dead cell nuclei; Blue: Hoechst for nuclear staining; 
scale bar: 50 μm). (D) Immunoblots showing changes in global SUMO-2/3 conjugation, free SUMO-2/3 levels or SENP3 
levels in HEK293 cells treated with 50 μM CdCl2 for the indicated durations. (E) Immunoblots showing absence of caspase 
3 cleavage in HEK293 cells treated with 50 μM CdCl2 for 24 hr in the presence or absence of SENP3 knockdown using 
siRNA. (F) Histogram showing that SENP3 knockdown did not alter LDH release from HEK293 cells treated with 50 μM 
CdCl2 for 24 hr. LDH levels were assessed in conditioned culture medium prepared from control and SENP3 knockdown 
HEK293 cells treated with cadmium or H2O. The results are presented as mean ± S.E.M. (n = 6 replicates for each group). 
(G) Immunoblots showing absence of caspase 3 cleavage in HEK293 cells treated with 50 μM CdCl2 for 24 hr in the pres-
ence of transfected GFP, GFP-SENP3 or GFP-SENP3 C532A inactive mutant. (H) Histogram showing that expressing GFP, 
GFP-SENP3 or GFP-SENP3 C532A inactive mutant did not alter LDH release levels from HEK293 cells treated with 50 
μM CdCl2 for 24 hr. LDH levels were assessed in conditioned culture medium prepared from HEK293 cells expressing 
GFP, GFP-SENP3 or GFP-SENP3 C532A inactive mutant and treated with cadmium or H2O. The results are presented as 
mean ± S.E.M. (n ≥ 5 replicates for each group). 
Vol. 42 No. 5
537
Role of SENP3 in cadmium-induced cell death
Anderson, C.A. and Blackstone, C. (2013): SUMO wrestling with 
Drp1 at mitochondria. EMBO J., 32, 1496-1498.
Byrnes, K.R., Stoica, B.A., Fricke, S., Di Giovanni, S. and Faden, 
A.I. (2007): Cell cycle activation contributes to post-mitotic cell 
death and secondary damage after spinal cord injury. Brain, 130, 
2977-2992.
Chang, C.R. and Blackstone, C. (2010): Dynamic regulation of 
mitochondrial fission through modification of the dynamin-relat-
ed protein Drp1. Ann. N Y Acad. Sci., 1201, 34-39.
Cimarosti, H., Ashikaga, E., Jaafari, N., Dearden, L., Rubin, P., 
Wilkinson, K.A. and Henley, J.M. (2012): Enhanced SUMOyla-
tion and SENP-1 protein levels following oxygen and glu-
cose deprivation in neurones. J. Cereb. Blood Flow Metab., 32, 
17-22.
Datwyler, A.L., Lättig-Tünnemann, G., Yang, W., Paschen, W., Lee, 
S.L., Dirnagl, U., Endres, M. and Harms, C. (2011): SUMO2/3 
conjugation is an endogenous neuroprotective mechanism. J. 
Cereb. Blood Flow Metab., 31, 2152-2159.
Guo, C. and Henley, J.M. (2014): Wrestling with stress: roles of pro-
tein SUMOylation and deSUMOylation in cell stress response. 
IUBMB life, 66, 71-77.
Guo, C., Hildick, K.L., Luo, J., Dearden, L., Wilkinson, K.A. and 
Henley, J.M. (2013): SENP3-mediated deSUMOylation of 
dynamin-related protein 1 promotes cell death following ischae-
mia. EMBO J., 32, 1514-1528.
Guo, C., Wilkinson, K.A., Evans, A.J., Rubin, P.P. and Henley, J.M. 
(2017): SENP3-mediated deSUMOylation of Drp1 facilitates 
interaction with Mff to promote cell death. Sci. Rep., 7, 43811.
Han, Y., Huang, C., Sun, X., Xiang, B., Wang, M., Yeh, E.T., Chen, 
Y., Li, H., Shi, G., Cang, H., Sun, Y., Wang, J., Wang, W., Gao, F. 
and Yi, J. (2010): SENP3-mediated de-conjugation of SUMO2/3 
from promyelocytic leukemia is correlated with accelerated cell 
proliferation under mild oxidative stress. J. Biol. Chem., 285, 
12906-12915.
Hetz, C. (2012): The unfolded protein response: controlling cell fate 
decisions under ER stress and beyond. Nat. Rev. Mol. Cell Biol., 
13, 89-102.
Hickey, C.M., Wilson, N.R. and Hochstrasser, M. (2012): Function 
and regulation of SUMO proteases. Nat. Rev. Mol. Cell Biol., 
13, 755-766.
Huang, C., Han, Y., Wang, Y., Sun, X., Yan, S., Yeh, E.T., Chen, Y., 
Cang, H., Li, H., Shi, G., Cheng, J., Tang, X. and Yi, J. (2009): 
SENP3 is responsible for HIF-1 transactivation under mild oxi-
dative stress via p300 de-SUMOylation. EMBO J., 28, 2748-
2762.
Lee, Y.J., Bernstock, J.D., Nagaraja, N., Ko, B. and Hallenbeck, 
J.M. (2016): Global SUMOylation facilitates the multimodal 
neuroprotection afforded by quercetin against the deleterious 
effects of oxygen/glucose deprivation and the restoration of oxy-
gen/glucose. J. Neurochem., 138, 101-116.
Lee, Y.J., Miyake, S., Wakita, H., McMullen, D.C., Azuma, Y., Auh, 
S. and Hallenbeck, J.M. (2007): Protein SUMOylation is mas-
sively increased in hibernation torpor and is critical for the cyto-
protection provided by ischemic preconditioning and hypo-
thermia in SHSY5Y cells. J. Cereb. Blood Flow Metab., 27, 
950-962.
Onukwufor, J.O., MacDonald, N., Kibenge, F., Stevens, D. and 
Kamunde, C. (2014): Effects of hypoxia-cadmium interactions 
on rainbow trout (Oncorhynchus mykiss) mitochondrial bioener-
getics: attenuation of hypoxia-induced proton leak by low doses 
of cadmium. J. Exp. Biol., 217, 831-840.
Pinto, M.P., Carvalho, A.F., Grou, C.P., Rodríguez-Borges, J.E., 
Sá-Miranda, C. and Azevedo, J.E. (2012): Heat shock induces a 
massive but differential inactivation of SUMO-specific proteas-
es. Biochim. Biophys. Acta., 1823, 1958-1966.
Schuldt, A. (2013): Post-translational modification: A SUMO pro-
tease for stress protection. Nat. Rev. Mol. Cell Biol., 14, 263.
Templeton, D.M. and Liu, Y. (2010): Multiple roles of cadmium in 
cell death and survival. Chem. Biol. Interact., 188, 267-275.
Wang, Y., Yang, J. and Yi, J. (2012): Redox sensing by proteins: 
oxidative modifications on cysteines and the consequent events. 
Antioxid. Redox Signal., 16, 649-657.
Wei, H., Teng, H., Huan, W., Zhang, S., Fu, H., Chen, F., Wang, J., 
Wu, C. and Zhao, J. (2012): An upregulation of SENP3 after spi-
nal cord injury: implications for neuronal apoptosis. Neurochem. 
Res., 37, 2758-2766.
Wilkinson, K.A. and Henley, J.M. (2010): Mechanisms, regulation 
and consequences of protein SUMOylation. Biochem. J., 428, 
133-145.
Xu, S., Pi, H., Chen, Y., Zhang, N., Guo, P., Lu, Y., He, M., Xie, 
J., Zhong, M., Zhang, Y., Yu, Z. and Zhou, Z. (2013): Cadmi-
um induced Drp1-dependent mitochondrial fragmentation by 
disturbing calcium homeostasis in its hepatotoxicity. Cell Death 
Dis., 4, e540.
Yan, S., Sun, X., Xiang, B., Cang, H., Kang, X., Chen, Y., Li, H., 
Shi, G., Yeh, E.T., Wang, B., Wang, X. and Yi, J. (2010): Redox 
regulation of the stability of the SUMO protease SENP3 via 
interactions with CHIP and Hsp90. EMBO J., 29, 3773-3786.
Yang, W., Sheng, H., Warner, D.S. and Paschen, W. (2008): Tran-
sient global cerebral ischemia induces a massive increase in pro-
tein sumoylation. J. Cereb. Blood Flow Metab., 28, 269-279.
Yang, Y.Q., Li, H., Zhang, X., Wang, C.X., Sun, Q., Li, S., Li, 
W., Li, W., Ding, K., Liu, M., Yu, Z. and Hang, C.H. (2015a): 
Expression and cell distribution of SENP3 in the cerebral cor-
tex after experimental subarachnoid hemorrhage in rats: a pilot 
study. Cell. Mol. Neurobiol., 35, 407-416.
Yang, Y.Q., Li, H., Zhang, X.S., Li, W., Huang, L.T., Yu, Z., Jiang, 
T.W., Chen, Q. and Hang, C.H. (2015b): Inhibition of SENP3 by 
lentivirus induces suppression of apoptosis in experimental sub-
arachnoid hemorrhage in rats. Brain Res., 1622, 270-278.
Yu, Z., Li, H., Yan, H.Y., Yang, Y.Q., Zhang, D.D., Huang, L.T., 
Xie, G.B., Liu, M., Tohti, M. and Hang, C.H. (2015): Expres-
sion and Cell Distribution of SENP3 in Brain Tissue After Trau-
matic Brain Injury in Mice: A Pilot Study. Cell. Mol. Neurobiol., 
35, 733-740.
Zungu, M., Schisler, J. and Willis, M.S. (2011): All the little pieces. 
-Regulation of mitochondrial fusion and fission by ubiquitin and 
small ubiquitin-like modifer and their potential relevance in the 
heart. Cirt. J., 75, 2513-2521.
Vol. 42 No. 5
538
J. Luo et al.
